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1
COMPOSITE TIP ARRAY FOR POLYMER
PEN LITHOGRAPHY

FIELD OF INVENTION

The invention relates to a method of preparing a tip for
lithography. The invention also relates to a tip for lithography
having composite structure.

BACKGROUND

Various lithography or surface patterning techniques have
been demonstrated to fabricate well-defined structures at the
nano and micro scale [1-2]. Such techniques, which are also
referred to as nano/microfabrication, are critical for both aca-
demic researches and industrial applications in different areas
such as electronics, optics, sensors and medical sciences
[3-9]. One challenge for applying the various lithographic
techniques in nano/microfabrication is the simultaneous con-
trol of costs, throughput, resolution, and pattern flexibility.
Generally, the lithographic techniques can be divided into
two strategies: the mask-based and the maskless lithography.
The mask-based methods which may include, for example,
photolithography, micro-contact printing [10] and nanoim-
printing [11], are straight forward methods and are capable
for high-throughput and large-area patterning. These meth-
ods rely on the pre-designed mask, through which the patterns
are transferred from the mask to the substrate. Hence, these
mask-based methods are not suitable to fabricate arbitrary
structures [12]. In this regard, the maskless lithography, for
example, electron-beam lithography, direct laser writing, ion-
beam lithography, and scanning probe-based lithography
methods are good alternatives to directly write arbitrary well-
defined structures both at nano and micro scale. Among the
scanning probe lithographic methods, cantilever-based scan-
ning probe lithography such as dip-pen nanolithgraphy
(DPN) [13], is a promising method to directly write arbitrary
well-defined structures both in nano and micro scale [14-18].
However, single-cantilever DPN suffers from low through-
put, and parallel DPN [19-21] requires highly specialized and
expensive cantilever array [22]. Aimed to provide a low-cost
cantilever-based scanning probe lithographic method, “Dip-
Pen” Nanolithography (DPN) has been demonstrated in a
variety of applications in patterning a number of molecules
onto a surface at different length scale, see PCT International
application number: W0/2009/143378, W0/2008/121137,
WO/2008/020851, WO/2003/052514, and WO/2001/
091855. The DPN method can be readily scale up by applying
a 1D or 2D cantilever array despite that the cost increases.

Recently, a very promising method which combines the
low-cost and large-area patterning advantages of micro-con-
tact printing with the maskless property of DPN, namely the
polymer pen lithography (PPL) has been demonstrated, see
PCT International application number: W(/2009/132321,
WO/2010/096591, and W0O/2010/124210. The PPL has been
invented for patterning arbitrary structures of molecular-
based materials, such as thiol SAM, polymer and nanopar-
ticles. This method comprises a pyramid-shaped array of
h-PDMS tips or agarose tips mounted onto a glass slide,
through which the pre-soaked ink molecules are delivered
onto the substrate. The PPL method well addresses the chal-
lenges in the throughput of large-area patterning with mask-
less patterning methods without increasing the cost. How-
ever, there are two drawbacks in PPL: (1) the optical leveling
techniques cannot solve 0.02° difference in angle between the
planes defined by the tip array and the substrate, and this
imprecise leveling will result in great variation of feature size

10

35

40

45

2

written by different polymer pens across the substrate; (2)
since the Young’s modulus of the tip materials is very low, tip
deformation is very sensitive to the z-piezo extension, and
thus it is difficult to control the feature size and it is not
feasible to fabricate patterns with small increment in size. In
order to address the leveling issue, instead of monitoring the
tip deformation, a more precise but specialized leveling
method based on the force-feedback system has been intro-
duced. Inthat method, by placing a scale beneath the substrate
surface, as small as 0.004° difference in angle between the
planes defined by the tip array and the substrate can be
achieved. Nevertheless, this force-feedback system needs a
very sensitive scale fixed on the stage and the leveling process
is relatively complicated, which may not be convenient for
ordinary laboratories. In order to address the large feature
sensitivity of z-piezo extension, a hard-tip soft-spring lithog-
raphy method (HSL) has been introduced, see PCT Interna-
tional application number: W(O/2010/141836. In the HSL
method, the h-PDMS tips in PPL are replaced by an array of
silicon tips mounted onto an elastomeric layer. Although the
HSL allows great improvement on the leveling feasibility and
patterning resolution, this method suppresses the force
dependent property of PPL. Moreover, the fabrication of HSL.
is very complicated and therefore the costs is relatively high,
especially when a specially made silicon wafer of 50 um thick
with SiO2 layers of 1 pm thick on each side of the wafer is
required to fabricate the tips array.

It is an object of the present invention to overcome or
mitigate at least one of the aforesaid disadvantages of the
prior art, or to provide a useful alternative to the prior art.

SUMMARY OF INVENTION

According to one aspect of the invention, there is provided
amethod of preparing a tip for use in lithography. The method
comprising the steps of providing a mold comprising at least
one recess, disposing a first polymer into the recess to form an
apex of the tip, said first polymer having a first Young’s
Modulus, curing the first polymer while the first polymer is in
the recess, disposing a second polymer into the recess to form
a base of the tip, said second polymer having a second
Young’s Modulus, wherein the second Young’s Modulus is
lower than the first Young’s Modulus, contacting the second
polymer with a substrate, curing the second polymer, and
separating the first polymer and the second polymer from the
mold to form the tip.

According to another aspect of the invention, there is pro-
vided a tip for use in lithography. The tip comprising a layered
structure provided on a substrate, the tip having an apex
comprises a first polymer and a base comprises a second
polymer, wherein said first polymer is less resiliently deform-
able than said second polymer.

According to a further aspect of the invention, there is
provided an array of tip comprising a plurality of tips for use
in lithography, at least one of said tips comprising a layered
structure provided on a substrate, the tip having an apex
comprises a first polymer and a base comprises a second
polymer, wherein said first polymer is less resiliently deform-
able than said second polymer.

BRIEF DESCRIPTION ON DRAWINGS

A preferred embodiment of the invention will be described,
by way of examples only, with reference to the accompanying
drawings in which:

FIG. 1A shows a schematic diagram of a tip for lithography
as embodied in the present invention.
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FIG. 1B shows a schematic diagram of an array of tips as
embodied in the present invention.

FIG. 2 shows a schematic illustration of the fabrication
process of the embodiment of the present invention as shown
in FIG. 1.

FIG. 3A shows a scanning electron microscopy (SEM)
showing the top view of the tip array as shown in FIG. 1, with
the inset showing a typical tip with the layered structure.

FIG. 3B shows a scanning electron microscopy (SEM)
showing the cross-sectional view of the layered structure of
the tip array as shown in FIG. 1, with the inset showing an
enlarge image of the apex of a typical tip.

FIG. 4A shows the top view results of energy-dispersive
X-ray spectroscopy (EDX) of the tip as illustrated in FIG. 1.

FIG. 4B shows the cross-sectional view results of energy-
dispersive X-ray spectroscopy (EDX) of the tip as illustrated
in FIG. 1.

FIG. 5A shows the optical micrograph of the tip array as
illustrated in FIG. 1.

FIG. 5B shows the SEM image of the tip array as illustrated
in FIG. 1.

FIG. 6 shows an image of the tip array of FIG. 1 as mounted
on a probe holder (Park Systems).

FIG. 7A shows an optical micrograph of a large area of
gold patterns fabricated by the tips array of FIG. 1. The gold
patterns are fabricated at increasing extension length from 0
to 7.0 um, with a stepwise increment of 0.5 um (humidity and
contact time are fixed at 45% and 100 ms, respectively).

FIG. 7B shows an optical micrograph of an enlarged area of
the gold patterns as shown in FIG. 7A.

FIG. 7C shows a SEM image of an enlarged area of a
typical 15x15 array of gold patterns as shown in FIG. 7B.

FIG. 7D shows a plot of the corresponding feature size as
shown in FIG. 7A-C versus the extension length, with the
linear fitting of the data showing in blue and red at two
extension length, respectively (R=93%).

FIG. 8 shows a SEM image of a 9x9 dots array of gold
patterns and their corresponding diameters.

FIG. 9A shows an optical microscope image of polyethyl-
ene glycol (PEG, Mw=4000) arrays over a 1.5x1.5 mm? area
fabricated by the tip array of FIG. 1.

FIG. 9B shows an enlarged view of the dot arrays of FIG.
9A fabricated by a single pen.

FIG. 10A shows an Atomic Force Microscopy (AFM)
image of the bottom array of the dot arrays of FIG. 9B.

FIG. 10B shows the results from the AFM characterization
of FIG. 10A, which reveals that the dot diameter increases
when the relative extension length increases.

FIG. 11A shows a schematic illustration of the tip defor-
mation mechanism of the composite pen array of FIG. 1 and
a “soft pen” array at different extension length.

FIG. 11B shows a series of optical images showing the tip
deformation as illustrated in FIG. 9A upon extending from O
um to 90 pm, where the composite pen and “soft pen” are
located on the left side and right side, respectively.

FIG. 11C shows a plot of the contact size of the tip of the
composite pen (black square) and the “soft pen” (red circle) as
shown in FIG. 9B, as a function of extension length (R=97%).

FIG.12A shows a SEM image of 6x15 gold dots fabricated
under different dwell time (10 ms, 50 ms, 100 ms, 400 ms, 900
ms, 1600 ms, 2500 ms, 3600 ms, 4900 ms, 6400 ms, 8100 ms,
the scale bar is 5 pm in the zoom-in image of the inset).

FIG. 12B shows a plot of feature size as shown in FIG. 10A
versus dwell time.

FIG. 13A shows an Atomic Force Microscopy (AFM)
image of the top array of the dot arrays of FIG. 9B.
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FIG. 13B shows the results from the AFM characterization
of FIG. 13 A, which reveals that the dot area increases linearly
with the contact time.

FIGS. 14A-14D show four sets of 10x10 array of gold dots
produced at four corners of a square with a distance length of
1 mm, showing the uniformity of the feature size across a
1-mm? area, the average diameters of the dots array are
1.22+0.05 pm (4.1%), 1.25+0.03 um (2.4%), 1.11£0.04 pm
(3.6%), and 1.24£0.03 um (2.4%), respectively (scale bar in
the image is 2 pum).

FIG. 14E shows a plot showing the feature size variation
across a distance of 4 mm along one direction.

FIG. 15 shows an optical image showing an array of gold
patterns fabricated with the composite tip array as shown in
FIG. 1. The inset image is a SEM image showing an enlarged
view of the gold pattern.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Fabrication and Characterization of the Composite Tip Array

One embodiment of the present invention relates to a
method of preparing a tip 10 for lithography as shown in FI1G.
1A. More specifically, the method relates to method of pre-
paring an array 100 having a plurality of tips 10 for large area
surface patterning, as shown in FIG. 1B. The array 100 allows
surface patterning of nano or micro-sized features, with high
throughput and high uniformity of feature size. Each tip 10 of
the array 100 includes an apex 20 comprising a first polymer,
and a base 30 comprising a second polymer, with the first
polymer being less resiliently deformable than the second
polymer. Such arrangement allows the tip 10 having a rela-
tively harder apex for writing, and a relatively softer base for
backing the apex when the tip is in use. A plurality of tips 10
are arranged on a substrate 108 to form an array 100.

As illustrated in FIG. 2, the method comprises the steps of
providing a master or a mold 102 having at least one recess
104. The recess 104 is shaped complementary to the tip 10.
Preferably, the recess is a pyramid shaped well in nano or
micro scale. Preferably, each of the tip 10 of the array 100 is
identical.

The mold 102 can be a silicon mold fabricated by conven-
tional photolithography and wet chemical etching method. In
a typical experiment, a thin layer of HZ-507 photoresist of 1
um thick was spin-coated on a silicon <100> wafer. The
silicon <100> wafer having a layer of 500 nm thick silicon
dioxide on the side of the wafer to be spin-coated. Square
shape microwell patterns were fabricated by photolithogra-
phy using a chrome mask. The photoresist pattern was devel-
oped by 5% KOH solution. Subsequently, the substrate was
placed in the HF buffer solution (Transene Company) to
remove the uncovered silicon dioxide. The photoresist was
then washed away with acetone to expose the underneath
silicon dioxide patterns. The remaining silicon dioxide pat-
terns served as an etching resist for the following KOH etch-
ing. The substrate was placed in the KOH etching solution
(KOH:H,O:Iso-propanol=2:4:1 by weight) at 80° C. for
approximately 30 minutes with vigorous stirring. The uncov-
ered area was then etched anisotropically to form the pyramid
shape wells. Afterwards, the remaining silicon dioxide was
removed by a HF buffer solution. Finally, the surface of the
silicon mold was modified with 1H,1H,2H,2H-perfluorode-
cyltrichlorosilane (Gelest, Inc. CAS No:78560-44-8) by gas
phase silanization.

The method follows with a stepwise molding of polymeric
materials to form the tip 10 with layered structure. Firstly, a
first polymer 106 is disposed into the recess 104 to form an
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apex 20 of the tip 10. In a specific embodiment, OrmoComp®
(Micro Resist Technology GmbH), which includes an unsat-
urated inorganic-organic hybrid polymer, was loaded in the
bottom of the pyramid shape microwells. To do this, Ormo-
Comp® was previously diluted with Ormothin® (Micro
Resist Technology GmbH), which includes propyl acetate, in
a ratio of 1:3 by weight. The silicon mold 102 was then
dewetted by immersing it in the diluted OrmoComp® solu-
tion and then pulled out. An array of OrmoComp® solution
droplets would then formed discretely in the pyramid shape
microwells. Subsequently, the mold 102 was placed on a
horizontal surface for approximately 5 minutes to let the
solvent volatilize.

The first polymer 106 was then allowed to cure while it is
in the recess 104. Curing can be provided by, but not limited
to, heating or UV radiation. In this embodiment, the mold
having OrmoComp® disposed in the microwells was then
placed under the UV lamp (18 W, 365 nm) for 2 minutes for
the OrmoComp® to precure. Preferably, the thickness of the
apex 20 is ranged from 1 um to 20 pm.

In order to strengthen the binding force between the tip 10
and the substrate 108, for example, a glass substrate, of the
composite pen, a primer 110 such as an adhesive layer can be
spin-coated on the glass substrate 108. In one embodiment, a
glass substrate 108 can be first cleaned by acetone and ethanol
ultrasonic washing for 10 minutes. Ormoprime08® (Micro
Resist Technology GmbH), which includes N-(3-trimethox-
ysilylpropyl)ethylenediamine of about 95 wt % in hydrochlo-
ric acid, would then be spin-coated on the glass substrate 108
ataspeed of4000 rpm for 1 minute. The Ormoprime®-coated
glass was then heated up in a hot plate for 5 minutes. The
pre-coating of substrate with the adhesive layer helps prevent-
ing the fabricated tip from rolling up due to the different
internal stresses generated from the materials of the apex 20
and the base 30 upon UV curing, and the poor binding force
between the apex 20 and the base 30.

Preferably, a third polymer 112, which can be any suitable
polymer or, in this embodiment, being the first polymer which
forms the apex 20, was then coated onto the pre-coated sub-
strate 108. Preferably, the thickness of the substrate coating
layer of the third polymer 112 is ranged from 0.1 pm to 20 pm.
In this embodiment, Ormocomp® solution was used as the
third polymer 112 and was spin-coated on the glass substrate
108 at a speed of 4000 rpm for 1 minute. Finally, the glass
substrate 108 was placed under UV for 2 minutes for precur-
ing.

Secondly, the method comprises a step of disposing a sec-
ond polymer 114 into the recess 104 to form the base 30 of the
tip 10, and that the first polymer 106 of the apex 20 and the
second polymer 114 of the base 30 are bound together to form
a composite, layered structure. Preferably, the thickness of
the base 30 is ranged from 10 pm to 50 pm.

The first polymer 106 is less resiliently deformable than
said second polymer 114. Preferably, the first polymer 106 is
having a higher Young’s modulus than the second polymer
114. Preferably, the Young’s modulus of the first polymer and
the Young’s modulus of the second polymer is of a ratio of at
least 10. Preferably, the Young’s modulus of the first polymer
is in the range of 1 GPato 4 GPa, and the Young’s modulus of
the second polymer is in the range of 0.3 MPa to 10 MPa, as
characterized by ASTM D882-09 and ASTM D695-08.[23]

The method followed by a step of contacting the second
polymer with the substrate 108. After curing of the second
polymer, the tip 10 having a layered structured with the apex
20 of the first polymer, and the base 30 of the second polymer
will be separated from the mold 102.

10

15

20

25

30

35

40

45

50

55

60

65

6

In one embodiment, NBA 1070 (Norland Product), which
includes mercapto-ester of approximately 60-85 wt % and
butyl octyl phthalate of approximately 15-40 wt % was used
as the second polymer 114 and was disposed onto the
microwell which was partially-filled with Ormocomp®.
NBA 107® was poured onto the Ormocomp loaded silicon
mold 106. Subsequently, the glass substrate 108, which was
pre-treated by the primer Ormoprime08® and the third poly-
mer Ormocomp® as mentioned above, was placed on top of
NBA 107®. The whole system was then placed under UV for
20 minutes for fully curing the composite structure. The tip 10
having a composite layered structure was carefully separated
from the mold 102 and was placed under the UV light again
for approximately 20 minutes to strengthen the hardness of
tip. Preferably, the tip 10 is of pyramidal shape. Preferably,
the tip 10 is transparent. It should be note that the embodied
method can also be used to fabricate a plurality of the tips 10
to form an array of tips 100 as a composite polymer pen array
for surface patterning purpose.

In one embodiment, the composite pen array can be made
with a plurality of relatively hard and sharp polymer apex 20
(i.e., the first polymer 106) mounted onto a relatively soft
polymer backing layer, with the backing layer including a
relatively soft polymer base 30 (i.e., the second polymer) and
the substrate coating layer 108 (i.e., the third polymer). Pref-
erably, the apex 20 is less resiliently deformable than the base
30. Preferably, the apex 20 is having a higher Young Modulus
than the base 30. The soft polymer base 30 serves as a buff-
ering layer to absorb the mechanical force to lower the extent
of'deformation of the hard apex 20 during writing, resulting in
less dependence on the z-piezo extension of the composite
pen, and therefore, higher patterning resolution and accuracy.

To fabricate the composite pen of the present invention,
three important issues have to be addressed: (1) fabrication of
an ultrasharp tip end (i.e., the apex) of less than 100 nm, (2)
optical transparency of the materials, and (3) well control of
hard-soft layered structures. Theoretically, extremely sharp
apex can be fabricated by applying a high quality mold and
very stiff elastomeric materials. In the embodiment as dis-
cussed above, OrmoComp® which is a conventionally avail-
able and widely used material in nano imprinting lithography
(NIL) with excellent properties,[24-26] e.g., high Young’s
modulus of 1.16 GPa, low shrinkage rate of 5 to 7 vol. %, and
optical transparency, are used as the hard material for the apex
20 of the tip 10; and NBA 107® which is a relative soft
material with a Young’s modulus of 5.5 MPa, being optically
transparent, and having low shrinkage rate of 5 vol. %, is used
as the soft material for the base 30 of the tip 10. The ultrasharp
apex 20 guarantees the direct writing capability of the com-
posite pen in nanometer resolution, while the hard-soft lay-
ered structure provides better control over tip deformation of
the composite pen upon extending. More importantly, the
high transparency of the composite pen allow the user to
visualize the alignment of the tip array and the underneath
substrate through the built-in optical microscope in the
XE-100 (Park Systems). Furthermore, the two soft and hard
materials can bind together very tightly via chemical bonds
under UV curing and thus allows a high stability of the com-
posite pen.

The morphology and compositions of the fabricated tip 10
orthe array 100 of the composite pen as prepared according to
the embodied method were characterized by a combination of
SEM, EDX and optical microscope measurements. In agree-
ment with the fabrication procedures, the layered structure of
the tip is clearly observed from the SEM images as shown in
FIGS. 3A and 3B. An ultrasharp apex 20 was obtained with a
radius of 40 nm at the tip end which may attribute to the
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hardness of OrmoComp®. The thickness of the adhesive
layer 110 and the flat soft coating layer of the third polymer
112, i.e., OrmoComp® in this case, are approximately 11 um
and 145 um, respectively (FIG. 3B). The zoom-in image of
the pyramidal tip shows a clear boundary between the hard
apex and soft base layer (inset of FIG. 3A). The element
analysis of pyramid pen as shown in FIGS. 4A and 4B reveals
that the hard apex and the soft base layer having different
concentrations of silicon atom, indicating the successtul fab-
rication of the bi-layered composite structure. The optical
images as shown in FIG. 5 show that the composite polymer
pen is transparent and is very uniform. These observations
indicate that the hard and soft materials are well confined and
arranged in the pyramidal silicon wells during the molding,
curing and peeling off, attributing to the stepwise molding
process.

Extending Dependence of Polymer Pen Lithography with the
Composite Pen Array

To evaluate the force dependence of the size of the patterns
prepared by the embodied composite pen array, gold (Au)
patterns at different z-piezo extension was first fabricated by
patterning arrays of 16-mercaptohexadecanoic acid (MHA)
dots on Au substrates and subsequent etching away the unpat-
terned area of the Au substrate. In brief, the composite pen
was first treated with O, plasma for approximately 30 s so that
the surface was becoming hydrophilic, and then the pen was
then loaded with the target MHA molecules by spin-coating a
MHA solution (5 mM) at 1000 rpm for approximately 30 s.
The resultant MHA-coated pen array was mounted onto a
customized scanning head of XE-100 (Park Systems) (FIG.
6) and then subjected to careful alignment with the underly-
ing gold substrate by monitoring the tip deformation under
the in-line optical microscope, and precisely tilting the
sample stage. The movement of the composite polymer pen
array was program-controlled by the relative movement of
x-y stage and z-piezo of the scanning head of XE-100. For
demonstration, a 15x15 array of MHA patterns on the Au
substrate at a gradual increase of z-piezo extension from O to
7.0 um, with humidity of 45% and contact time of 100 ms,
were fabricated under the control of the lithography software.
The consequent Au patterns were then obtained by immersing
it in an etching solution. The Au patterns were subjected to
characterization with optical microscope (FIGS. 7A and 7B)
and SEM (FIG. 7C). A uniform array of circle-shaped gold
patterns ranging from approximately 200 nm to 1.5 um in
diameter are obtained across a large area, indicating the suc-
cessful fabrication of MHA patterns by the composite pen.
Note that the MHA is used as an etching resist to protect the
gold substrate. As a result, the size of the MHA is reflected by
that of' the size of the gold feature. Therefore, the performance
of'the composite pen array on the size control upon extending
can be evaluated by the measured results from the as-made Au
patterns at different extension length.

Significantly, for the first time we observed a steady size
increment of gold features upon the gradual increase of the
z-piezo extension (FIG. 7D). Typically, the feature size
increases at a rate of 0.24 pm per pm at small extension length
(i.e., when the z-piezo extension is less than 0.5 pm). At large
extension length (i.e., when the z-piezo extension is larger
than 0.5 pm), the size increases slowly at a rate of 0.087 pm
per um. Such significant improvement in size control is attrib-
uted to the hard-apex and the soft-backing layered structures
of the composite polymer pen. For instance, when the tip of
the composite pen is in contact with the substrate, the soft
polymer base deforms largely to absorb the compression
from the hard apex, which makes the hard apex slightly
deform, resulting in the small slope of the linear curve as
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shown in FIG. 7D as well as the demonstrated small features
in FIGS. 7A-7C. In the hard tip soft-spring lithography
method (HSL), the hard silicon tip of the HSL does not
deform at all, resulting in no significant force dependence of
the feature size [27]. In the present embodiment, the compos-
ite polymer pen having a Young’s Modulus of 1.16 GPa for
the hard apex and a Young’s Modulus of 5.5 MPa for the soft
base, as characterized by ASTM D882-09 and ASTM D695-
08. The ratio of the two Young’s Modulus is about 200, which
means that the soft base will deform 200 times more than the
hard apex under the same compression. Therefore, the com-
posite polymer pen as embodied would have less change in
the feature size when compared to a polymer pen fabricated
by one material only.

FIG. 8 shows that nanopatterns are successfully fabricated
by the embodied composite polymer pen. An array of gold
nanopatterns was fabricated according to the above men-
tioned method, with the smallest size of the nanopattern is
down to approximately 70 nm and the largest size is approxi-
mately 300 nm. Such finding indicates that the current com-
posite pen array is capable of fabricating sub-100 nm pat-
terns, which is attributed to the ultrasharp tip end (40 nm) and
the reduced size dependence upon tip extending with the
embodied composite pen having hard-soft layered structure.

Polyethylene glycol (PEG, Mw=4,000) dot arrays were
also fabricated by the embodied composite pen array, and the
extending dependence of the array to the size of the pattern
was studied. In this experiment, PEG acetonitrile solution of
approximately 5 mg/ml was used as ink and the pen array was
inked by spin coating. FIG. 9A shows an optical microscope
image of the fabricated PEG dot arrays over a 1.5x1.5 mm?>
area, with an enlarged view of the dot arrays as fabricated by
a single pen being shown in FIG. 9B. The bottom array of
FIG. 9B is further characterized by Atomic Force Microscopy
(AFM), which is shown in FIG. 10A. FIG. 10B shows the
results as measured by the AFM characterization, which
reveals that when the relative extension length increases from
0 to 6 um, the dot diameter increases from 0.94+0.10 um to
1.18+0.09 um, with a size variation of 27%.

Experiment has also been performed to compare the tip
deformation between the embodied composite pen and a con-
trol “soft pen”, which is made with NBA 107® (Norland
Product) upon extending for a much larger distance from 0
um to 90 um. As illustrated in FIG. 11A, a special polymer
pen array comprises the “soft pen” on the right hand side and
the embodied composite pen on the left hand side were fab-
ricated on the same chip so as to carry out a direct comparison
under an optical microscope. The special polymer pen array
was mounted onto the polymer pen lithography (PPL) scan-
ning head of an AFM and subsequently aligned with the
underneath gold substrate, followed by monitoring the tip
deformation at different extension length controlled by the
sample stage. Indeed, the behaviors of the tip deformation of
the two pen arrays are completely different. The “soft pen”
having a linearly dramatic increase of tip deformation over
the whole extension range, whereas for the composite pen, the
tip deformation has only slightly increased at the beginning of
the study and then almost level off as shown in FIG. 11B. The
tip deformation is further analyzed by plotting the size of tip
deformation versus the extension length as shown in FIG.
11C. The plot further proved that the composite pen has less
tip deformation at large extension length than the “soft pen”.
Contact Time Dependence of Polymer Pen Lithography with
the Composite Pen Array

Another important characteristic property of polymer pen
lithography is that the patterning size is linearly proportional
to the contact time of the pen to the substrate. As a result,



US 9,079,338 B2

9

polymer pen lithography is readily use for fabricating pat-
terns at different length scale, e.g., from sub-100 nm to sev-
eral micrometer scale. In order to investigate the contact time
dependence of polymer pen lithography with the composite
pen array, a 12x5 dot array of gold patterns is fabricated with
the composite pen at different contact times as shown in
FIGS. 12A and 12B. Referring to the SEM image of FIG.
12A, each column of the gold patterns was written with
different dwell time, such as 10 ms, 50 ms, 100 ms, 400 ms,
900ms, 1600 ms, 2500 ms, 3600 ms, 4900 ms, 6400 ms, 8100
ms, respectively. The experiment was performed under 50%
relative humidity with 2 um extension length. The feature size
in the SEM image was measured and plotted as shown in FIG.
12B. Itis shown that the size of the gold feature is in one order
function of the square root of the dwell time (R=99%), attrib-
uting to the Fick’s law of diffusion when the molecular ink
flows through the water meniscus from the tip to the substrate
surface to form patterns. Such findings indicate that the com-
posite pen can be used to fabricate patterns with different size
by applying different contact time when writing.

The contact time dependence of the composite pen was
also studied by the fabrication of the polyethylene glycol
(PEG, Mw=4,000) dot arrays as mentioned in the previous
section. Referring to the PEG dot arrays as shown in FIG. 9B,
the top array of the figure is further characterized by Atomic
Force Microscopy (AFM), which is shown in FIG. 13A. FIG.
13 A shows an increase in dot size as the contact time increase
under a constant extension length of 2 um. When the contact
time increases from is to 10s, the dot diameter increases from
0.95+0.15 pm to 1.30+0.05 um. FIG. 13B shows the linear
relationship between the dot area and the contact time.
Pattern Uniformity of Polymer Pen Lithography with the
Composite Pen Array

Since polymer pen lithography aims for large area pattern-
ing, the control of the uniformity of the patterns prepared by
either one pen or by different pens of the pen array is of great
importance. There are several parameters that would affect
the uniformity, such as leveling or alignment, tip height varia-
tion and ink coating. Among these factors, leveling is one of
the most critical factors, which may also affect the selection
of the different polymer pen techniques by the end user.
Accordingly, the uniformity of the pattern size prepared by
one composite pen as well as different composite pens of the
pen array across a large area up to micrometer scale was
investigated. A 10x10 array of gold patterns were fabricated
as described above, with the dwell time, extension length, and
humidity being fixed at 100 ms, 4 pm, and 50%, respectively.
As shown in FIG. 14A-14D, the uniformity of the patterns
prepared by one pen is firstly evaluated by measuring the
average feature size of the dots at four corners of a square of
1 mm? area, and the average feature diameters are 1.22+0.05
pum, 1.25+0.03 pm, 1.11£0.04 um, and 1.24+0.03 pm, respec-
tively. These results show that the standard deviation of the
feature sizes written by one pen is less than 5%. Secondly, the
variation of the feature size prepared by different pens of an
array was evaluated. The dot arrays are prepared with a dwell
time of 100 ms, z-extension of 7.5 um, and humidity of 45%.
The feature sizes at different locations are measured one by
one along one direction. The dots across a4 mm distance have
an average diameter of 1.97+0.21 pm. The standard deviation
is less than 11% across a 4 mm distance, which demonstrates
great improvement on feature uniformity, as shown in FIG.
14E.

Arbitrary Patterns Prepared by the Composite Pen Array

Composite pen lithography allows writing of arbitrary pat-
terns in contrast to micro-contact printing. The fabricated
composite pen array can be attached to the AFM scanning
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head (Park Systems). The movement of the stage is pro-

grammed by software for writing any arbitrary patterns. As a

proofof concept, the Hong Kong Polytechnic University logo

with a length of 70 pm was successfully fabricated by the
embodied composite pen. This experiment was done as
described above with the z-piezo extension of 5 um, dwell
time of 100 ms, and relative humidity of 25%. The prepared
PolyU logo comprises an array of gold dots with ~1 pum in
diameter is shown in FIG. 15. Again, the fabricated logo
patterns show high uniformity when prepared by one pen (see
the inset in FIG. 15) across a larger distance. It should be note
that it is not practical to control the pattern uniformity for
scanning probe lithography over a large area because the
vertical distance between the tip and the underlying substrate
might change slightly across a large area. As shown in FIG.

15, the present composite pen shows superior performance

because of the reduced dependence of the feature size on the

z-piezo extension attributing to the hard-soft layered struc-
tures. As a result, the influence of leveling variations across
such a large area can be reduced or even eliminated.

In conclusion, we have introduced a simple, reliable, and
low-cost method in preparing a tip or an array of tips for
polymer pen lithography (PPL) for large-area patterning at
the nano and micro-scale. Specifically, the invention for the
first time introduced a hard apex-soft backing layered struc-
ture for composite polymer pen. The unique structure allows
several advantages to the resulted composite polymer pen, for
example, allowing a simple and low-cost fabrication process,
fine control or tuning of the tip deformation upon z-piezo
extension, great improvement on patterning uniformity and
resolution, and the feasibility for large-area patterning. Fur-
thermore, the proposed composite pen strategy demonstrates
significant contribution to the improvement or development
of 2D cantilever-free probe lithography.

The foregoing describes and embodies the invention but is
not intended to limit the invention. All of the methods dis-
closed and claimed herein can be made and executed without
undue experimentation in light of the present disclosure.
While the materials and methods of this invention have been
described in terms of the specific embodiments, it will be
apparent to those skill in the art that variation may be applied
to the materials and/or methods and in the steps or in the
sequence of steps of the methods described herein without
departing from the concept, spirit and scope of the invention.
More specifically, it will be apparent that certain agents/
materials which are both chemically or physiologically
related may be substituted for the agents/materials described
herein while the same or similar results would be achieved.

All patent, publications and references cited herein are
hereby fully incorporated by reference.
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The invention claimed is:

1. A tip structure for use in lithography comprising:

a substrate; and

a layered structure on the substrate, wherein

the layered structure includes a tip having an apex com-
prising a first polymer, and a base comprising a sec-
ond polymer, and

the first polymer is less resiliently deformable than the
second polymer, so that size of a feature produced by
pressing the tip of the tip structure against a deform-
able film depends upon force applied in pressing the
tip against the deformable film.

2. The tip structure of claim 1, including a layer of a third
polymer between the substrate and the second polymer.

3. The tip structure of claim 2, wherein the third polymer
and the first polymer are the same polymer.

4. The tip structure of claim 2, including a primer between
the substrate and the third polymer.

5. The tip structure of claim 2, wherein the third polymer
has a thickness in a range from 0.1 pm to 20 um.

6. Thetip structure of claim 1, wherein the first polymer has
a higher Young’s modulus than the second polymer.

7. The tip structure of claim 6, wherein the Young’s modu-
lus of'the first polymer and the Young’s modulus of the second
polymer are in a ratio of at least 10.

8. The tip structure of claim 6, wherein the Young’s modu-
lus of the first polymer is in a range of 1 GPa to 4 GPa.

9. The tip structure of claim 6, wherein the Young’s modu-
lus of the second polymer is in a range from 0.3 MPa to 10
MPa.

10. The tip structure of claim 1, wherein the apex has a
thickness in a range from 1 um to 20 pm.

11. The tip structure of claim 1, wherein the base has a
thickness in a range from 10 pm to 50 pm.

12. The tip structure of claim 1, wherein the tip has a
pyramidal shape.

13. The tip structure of claim 1, wherein the tip is transpar-
ent.

14. An array of tips comprising a plurality of tips wherein

each of the tips includes an apex comprising a first polymer

and a base comprising a second polymer, and

the first polymer is less resiliently deformable than the

second polymer, so that size of a feature produced by
pressing the tip against a deformable film depends upon
force applied in pressing the tip against the deformable
film.



